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Monovalent virus-like particle
vaccine protects guinea pigs
and nonhuman primates
against infection with multiple
Marburg viruses
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Background: Virus-like particle (VLP)-based vaccines have the advantage of being
morphologically and antigenically similar to the live virus from which they are derived.
Expression of the glycoprotein and VP40 matrix protein from Lake Victoria marburgvirus
(MARV) results in spontaneous production of VLPs in mammalian cells. Guinea pigs vaccinated
with Marburg virus VLPs (mVLPs) or inactivated MARV (iMARV) develop homologous humoral
and T-cell responses and are completely protected from a lethal homologous MARV challenge.
Aims & methods: To determine whether mVLPs based on the Musoke (aka Lake Victoria)
isolate of MARV could broadly protect against diverse isolates of MARV, guinea pigs were
vaccinated with mVLPs or iMARV-Musoke and challenged with MARV-Musoke, -Ravn or -
Ci67. Results: Prior to challenge, the mVLP- and iIMARV-vaccinated guinea pigs had high
levels of homologous MARV-Musoke and heterologous MARV-Ravn and -Ci67 antibodies. The
Musoke-based mVLPs and iIMARV vaccines provided complete protection in guinea pigs
against viremia, viral replication and pathological changes in tissues, and lethal disease
following challenge with MARV-Musoke, -Ravn or -Ci67. Guinea pigs vaccinated with RIBI
adjuvant alone and infected with guinea pig-adapted MARV-Musoke, -Ravn or -Ci67 had
histopathologic findings similar to those seen in the nonhuman primate model for MARV
infection. Based on the strong protection observed in guinea pigs, we next vaccinated
cynomolgus macaques with Musoke-based mVLPs and showed the VLP-vaccinated monkeys
were broadly protected against three isolates of MARV (Musoke, Ravn and Ci67).
Conclusion: Musoke mVLPs are effective at inducing broad heterologous immunity and
protection against multiple MARV isolates.
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Marburg virus (MARV) is a member of the
Filoviridae family and causes severe viral hem-
orrhagic disease with high mortality rates [1].
Recently, several efficacious candidate vaccines
for the filoviruses have been generated. Classi-
cal methods of vaccine production include
attenuated and inactivated viral preparations.
However, these approaches would be too costly
due to biosafety level (BSL)-4 production
requirements and also dangerous due to the
potential for viral revertants or incomplete
viral inactivation [2-5]. Several vectored vaccine

approaches for MARV have been successful in
protecting nonhuman primates (NHPs) from
lethal disease. The first demonstration of com-
plete protection against a filovirus infection in
NHPs was based on the Venezuelan equine
encephalitis replicon particle, where the
antigen of interest, in this case the MARV glyc-
oprotein (GP), is inserted in place of the struc-
tural genes [6]. A recombinant vesicular stoma-
titis virus vaccine encoding MARV GP protects
NHPs against multiple isolates of MARV [7.8]. A
replication-deficient adenovirus-based vaccine
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can protect guinea pigs and NHPs against Ebola virus
(EBOV) and MARYV [9,10]. Each of these candidate vaccines
presents with concerns, for example, acceptable vaccine
doses, vaccine safety and the impact of prior immunity to
the vaccine vector.

While the majority of work developing filovirus vaccines
has utilized virus vectors, several studies demonstrate that
subunit vaccines can safely and specifically protect against
MARV [1.121. While vaccination of guinea pigs or NHPs
with either a recombinant baculovirus-produced GP or
DNA vaccine encoding GP alone is not entirely efficacious,
a prime—boost strategy with both the DNA vaccine and bac-
ulovirus-produced recombinant GP successfully protected
from both lethal EBOV and MARV infection
(2.13,14]. Our laboratory has taken advantage of the phenome-
non that MARYV virus-like particles (mVLPs) are produced
spontaneously in MARV GP- and matrix protein VP40-
transfected mammalian cells, and we are working to develop
a mVLP-based vaccine [12,15-18].

Guinea pigs vaccinated with mVLPs (based on the Musoke

animals

isolate) in RIBI adjuvant generate high levels of serum virus-
specific and -neutralizing antibodies, and proliferative recall
responses against MARV in vitro requiring CD4" T cells [18].
After infection with homologous MARV-Musoke, mVLP-vac-
cinated guinea pigs are protected completely from clinical
symptoms, viremia and death [16,18]. Studies revealed that
MARV GP, but not VP40, was required and sufficient to pro-
tect against MARV-Musoke challenge. VLPs comprised of
MARV GP and the EBOV VP40 protected against MARV
challenge, while VLPs containing EBOV GP and MARV
VP40 did not protect against lethal disease [16].

To determine whether the Musoke-based mVLPs offer
broad protection and function as a pan-MARV vaccine, we
assessed immune responses and protection against MARV-
Musoke, -Ravn or -Ci67 in Musoke mVLP-vaccinated
guinea pigs. These MARV strains differ up to 22% at the
amino acid level within the GP, which is the viral attach-
ment protein and presumably the only protein required to
vaccinate against for a protective immune response. The
data presented here indicate that Musoke-based VLPs
induce broad immunity against multiple MARV strains in
guinea pigs and NHDPs.

Methods

Virus & cells

MARV-Musoke, -Ravn and -Ci67 were propagated and enu-
merated by standard plaque assay on Vero E6 cells [19. The
adaptation to lethality of the MARV-Musoke, -Ravn and
-Ci67/Popp strains took seven, two and two serial passages
through guinea pigs, respectively [6,13,20. MARV-infected cells
and guinea pigs were handled under maximum containment
in a BSL-4 laboratory at the US Army Medical Research
Institute of Infectious Diseases (USAMRID; MD, USA).

Vaccine preparations

Marburg virus VLPs were prepared essentially as described pre-
viously [15,17,18]. Briefly, for the guinea pig studies, 293T cells
were cotransfected with individual pWRG vectors encoding
for MARV VP40 and GP using Lipofectamine™ 2000
(Invitrogen, CA, USA). Alternatively, for the NHP studies,
baculovirus recombinants were used to generate insect cell-
derived mVLPs, in a similar manner to our previous work [21].
After 4872 h, cell supernatants from the 293T or insect cells
were collected, cleared of cellular debris by low-speed centrifu-
gation and then pelleted at 9500 x g for 4 h. The crude VLP
preparations were separated on a 20-60% continuous sucrose
gradient, concentrated by a second centrifugation and resus-
pended in endotoxin-free phosphate-buffered saline (PBS).
MARV-Musoke virus preparations were grown in Vero E6
cells and purified in a similar manner to the VLPs. The
sucrose-purified virus preparation was inactivated by irradia-
tion with 1 x 107 rads. Gradient fractions containing mVLPs
or inactivated MARV (iMARV) were determined by western
blotting and electron microscopy. Total protein concentra-
tions of the vaccine preparations were determined in the pres-
ence of NP40 detergent using a detergent-compatible protein
assay (BioRad, CA, USA). Endotoxin levels in all vaccine
preparations used in this study were less than 0.03 endotoxin
units, as determined by the Limulus amebocyte lysate test
(Biowhittaker, MD, USA).

Guinea pig vaccinations

Inbred strain 13 guinea pigs (USAMRIID), aged 6-9 months
and of both sexes, were randomized into groups, with each
guinea pig identified using a radiotransponder microchip (Bio-
Medic Data Systems, Inc., DE, USA) inserted underneath the
skin. Guinea pigs were vaccinated intramuscularly with 50 pg
of mVLPs or iMARV with 200 pl of RIBI containing mono-
phosphoryl lipid, synthetic trehalose dicorynomycolate and cell
wall skeleton emulsion (Corixa Corporation, MT, USA)
diluted in endotoxin-free PBS on days 0, 21 and 42. Control
guinea pigs were vaccinated with RIBI adjuvant in PBS alone.
Serum samples were obtained from each guinea pig immedi-
ately before each vaccination (first [day 21], second [day 42] or
third [day 63] vaccination) and 4 weeks after challenge
(day 91). Research was conducted in compliance with the Ani-
mal Welfare Act and other federal statutes and regulations relat-
ing to animals and experiments involving animals and adhered
to principles stated in the Guide for the Care and Use of Labo-
ratory Animals [22]. The facility where this research was con-
ducted is fully accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International.

Guinea pig viral challenge & postchallenge sampling

The guinea pigs were challenged subcutaneously 30 days after
the third (day 72) with approximately
1000 plaque-forming units (pfu) of guinea pig-adapted
MARV-Musoke, -Ravn or -Ci67 diluted in PBS. The guinea
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pigs were bled on 7 days postchallenge from the retro-orbital
sinus to obtain plasma for determination of circulating viral tit-
ers. After challenge, guinea pigs were observed at least twice
daily for illness and death.

Guinea pig necropsy, histology & immunohistochemistry
Two animals randomly selected from each group were eutha-
nized on 6-7 days postchallenge for macroscopic and micro-
scopic evaluation. These guinea pigs were removed from the
survival-analysis portion of the experiment. Complete necrop-
sies were performed and the tissues from each guinea pig were
collected in 10% neutral buffered formalin and held in the
BSL-4 laboratory for over 30 days. The tissues were removed
from the BSL-4 suite in fresh formalin, trimmed, embedded in
paraffin, sectioned at 5-6 pm and placed on positive-charged
glass slides. The sections were stained with hematoxylin and
eosin for routine light microscopy or an immunoperoxidase
assay (EnVision™, DAKO, CA, USA) using a 50:50 cocktail
of mouse monoclonal antibodies against MARV NP. Briefly,
the unstained sections were blocked with 0.6% hydrogen per-
oxide in methanol, pretreated with proteinase K for 6 min,
and blocked a second time with a serum-free protein (DAKO)
containing 5% normal goat serum for 30 min. The monoclo-
nal cocktail was applied for 30 min at a dilution of 1:1200.
The tissue was exposed to the EnVision peroxidase-labeled
polymer for 30 min at room temperature, exposed to the sub-
strate-chromagen DAB (DAKO), rinsed, counterstained with
hematoxylin and coverslipped with Permount™.

Nonhuman primate studies

The cynomolgus macaques used in this study were found to be
filovirus-, simian T-cell leukemia virus-1-, SIV- and herpes B
antibody-negative in testing prior to initiation of the study. The
VLP-vaccinated monkeys received three intramuscular injec-
tions at 42-day intervals containing 1 mg of VLPs and 0.1 ml
of QS-21 adjuvant (kindly provided by Antigenics, MA, USA).
Blood samples were obtained under anesthesia from the femo-
ral vein of monkeys. Male and female cynomolgus macaques of
approximately 3—4 kg in weight were challenged with approxi-
mately 1000 pfu of MARV-Musoke, -Ci67 or -Ravn via sub-
cutaneous injection. Viremia was assayed by traditional plaque
assay [19]. Hematological and kidney/liver-associated enzymes
were measured as described previously [23,24].

Antibody titers

Levels of MARV-specific antibodies were determined as
described previously [16,18]. Briefly, the wells were coated with
sucrose-purified iMARV-Musoke, -Ravn or -Ci67 virions. End
point titers were established as the inverse of the last dilution
where the optical density of the sample was at least 0.2 greater
than the corresponding control wells (irrelevant heterologous
antigen). Convalescent serum samples removed from the BSL-4
laboratory were Y-irradiated with 2 x 10° rads from a ®°Co
source before analysis in BSL-2 or -3 laboratories [6,17,25].

Results

Musoke mVLPs induce strong homologous &
heterologous humoral responses

Genetic differences in protective GP sequences are shown in
Ficure 1. Based on approximations from BLASTP pairwise com-
parisons of the translated GP genes, there is a 7% difference in
identity between MARV-Musoke and -Ci67/Popp and a 22%
difference in Musoke and Ravn.

To determine whether the mVLPs, based on the Musoke
strain of MARYV, could broadly protect against multiple strains
of MARV, guinea pigs were vaccinated with mVLPs or
iMARV-Musoke. As assessed by ELISA (Ficure 2a-C), the
mVLP- and iMARV-vaccinated guinea pigs had high levels of
homologous MARV-Musoke and heterologous MARV-Ravn
and -Ci67 antibodies (geometric mean titer for VLPs:
316,228, 31,622 and 100,000; or iMARV: 1,000,000,
100,000 and 100,000, respectively).

Musoke-based mVLPs & iMARV vaccines provided
complete protection against lethal challenge with
homologous & heterologous MARYV challenges
Upon challenge with any of the three MARV viruses, the
mVLP-vaccinated guinea pigs exhibited none of the classical
symptoms of filovirus infection and were 100% protected from
lethal MARV-Musoke, -Ci67 or -Ravn infection (FiGure 2D-F).
By contrast, guinea pigs vaccinated with RIBI adjuvant alone
were highly susceptible to lethal MARV challenge and died
within 6-12 days of infection (ficure 2D-F). When we evaluated
the circulating viral titers 7 days after infection, the mVLP- and
iMARV-vaccinated guinea pigs had no detectable virus in their
plasma, unlike the guinea pigs vaccinated with RIBI adjuvant
alone that obtained viremias of 10°~10” pfu/ml (Ficure 34). Two
random subjects out of each group were euthanized at day 6-7
after challenge for determination of pathology and organ viral
titers. When we examined the viral titers of the tissues from
guinea pigs that were vaccinated with mVLP or iMARV and
RIBI adjuvant, we found a distinct lack of detectable virus in
any of the tissues that we tested (Ficure 3B-D). This was a consis-
tent finding for both homologous MARV-Musoke (Ficure 3B) or
heterologous MARV-Ci67 or -Ravn challenge (Ficure 3¢ & D). By
statk contrast, the guinea pigs vaccinated with RIBI adjuvant
only developed very high MARV titers in their liver, spleen,
kidney, lymph nodes, testes, adrenal gland and lung, indepen-
dent of the MARV isolate used to challenge. Only the guinea
pigs challenged with MARV-Musoke had detectable virus in
their pancreas (Ficure 3B). Only one of two control guinea pigs
infected with Ravn that was sampled had detectable virus in the
brain tissue, while both of the MARV-Ci67 guinea pigs had
detectable virus and neither of the MARV-Musoke guinea pigs
had virus in their brain tissue (Ficure 3B-D).

To confirm our findings that the mVLP- and iMARV-vac-
cinated guinea pigs were highly protected from MARV
infection, we conducted macroscopic and microscopic
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Figure 1. Sequence comparison of protective MARV GP molecules. (A) Alignment of predicted amino acid sequences for Musoke,
Ci67 (Popp) and Ravn GPs. Identical sequences are shown in blue, conserved sequences in black and divergent sequences in red. The
consensus sequence is shown at the bottom of the three aligned sequences. (B) Genetic tree showing the phlyogenetic relationship
between the Musoke, Ci67 and Ravn GPs. Genetic distance is indicated on each branch.

MARV: Marburg virus; GP: Glycoprotein.

examinations of guinea pigs euthanized 6-7 days after chal-
lenge. The six guinea pigs administered RIBI adjuvant only
and subsequently challenged with one of the three MARVs
displayed typical, but nonspecific, signs of illness, including
a rough hair coat, lethargy and weight loss. In addition, two
animals displayed hind-limb paralysis and another two had
mild ocular bleeding. Terminal bodyweights for the RIBI
adjuvant-only treated and MARV-challenged animals were
150-300 g lower than for animals that were VLP-vaccinated
and challenged with MARV (data not shown). A variety of
macroscopic findings were noted at necropsy. The macro-
scopic findings were of low incidence and unrelated to the
administration of RIBI, vaccine type or any of the three
MARY isolates.

The protective effects of vaccination were most evident
microscopically and immunohistochemically. Microscopic
findings consistent with filovirus infection were noted in the
liver, spleen, GI tract and in specific lymph nodes of RIBI
adjuvant-only-vaccinated animals.

A mild-to-moderate hepatitis characterized by a mixed
inflammatory response, hepatocellular degeneration and
necrosis, and hepatocellular loss was multifocally scattered
throughout the livers of the control animals challenged with
all three virus isolates (Ficure 44). Rarely, hepatocytes con-
tained eosinophilic cytoplasmic viral inclusions. Interest-
ingly, the guinea pigs administered RIBI adjuvant only and
challenged with MARV-Ravn had markedly blue cytoplasm
in the hepatocytes peripheral to the foci of hepatocellular
degeneration and necrosis (Ficures 4 & B). The blue cytoplasm
probably represents hepatocellular calcinosis. A mild-to-mod-
erate vacuolar degeneration was present in all of the control
animals and in three vaccinated animals; this change probably
represents fat mobilization resulting from a diminished
metabolic state (FIGURE 4A & B).

Mild-to-moderate lymphocytolysis was noted in the splenic
white and red pulp, Peyer’s patches and mesenteric lymph
nodes of the RIBI control groups (Ficure 40). Some animals also
had lymphoid depletion in these same tissues. In addition,
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Figure 2. MARV-Musoke-based vaccines induce strong heterologous humoral responses in strain-13 guinea pigs. Animals were
vaccinated with inactivated MARV-Musoke or MARV-Musoke VLPs in RIBI adjuvant (n = 27 each) or adjuvant only (n = 18), three-times at
3-week intervals. (A—C) Serum samples from the guinea pigs were obtained 3 weeks after the first (day 21), second (day 42) or third (day
63) vaccination and 4 weeks after challenge (day 91). Total serum (A) MARV-Musoke, (B) -Ravn or (C) -Ci67 antibodies were measured by
ELISA. Antibody titers were measured in serum from individual guinea pigs and the results are graphed as the geometric mean end point
titers. Error bars indicate standard deviation. (D-F) MARV-Musoke VLPs protect guinea pigs against multiple MARYV isolates. The guinea
pigs from each vaccine group were randomly divided into three challenge groups and challenged with 1000 pfu of guinea pig-adapted
(D) MARV-Musoke, (E) -Ravn or (F) -Ci67, 4 weeks after the last vaccination. Results are presented on Meier—Kaplan curves as percentage
survival over 28 days for each vaccination group (n = 6-7 per group).

iIMARV: Inactivated Marburg virus; MARV: Marburg virus; pfu: Plaque-forming unit; VLP: Virus-like particle.

two animals in the control group had mild lymphocytolysis in  normal. In addition to the lymphocytolysis of the red and
the inguinal lymph node, and one of those had mild lym- white pulp in the spleens, several unvaccinated animals dem-
phoid depletion. Interestingly, the cervical lymph nodes were onstrated an increase in the number of neutrophils in the red
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pulp. Four of the six RIBI adjuvant-only-vaccinated and
MARV-challenged animals had mild cellular lysis of
hematopoietic elements in the bone marrow. Five of the 12
vaccinated animals had a moderate increase in bone marrow
neutrophils, interpreted to be an immunological response to
the treatment and challenge protocol.

An uncommon finding of fibrin was present within the
brain, spleen and mesenteric lymph node vasculature of five
unvaccinated animals (Tasie 1. Two vaccinated and three
unvaccinated animals had minimal-to-mild myocarditis. In
contrast to the vaccinated animals, the foci of myocarditis in
the unvaccinated (RIBI adjuvant-only) animals contained
MARYV antigen. However, the random incidence of the myo-
carditis among groups indicates that this is a background
lesion that was populated with immunopositive macrophages
in the unvaccinated groups.

A distinct difference between the vaccinees and the unvacci-
nated groups is evidenced by the lack of MARV-specific anti-
gen in any of the animals in the vaccinated groups and a wide
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variety of antigen-positive tissue in the unvaccinated groups.
Hepatocellular immunostaining was present on the cell sur-
face and generally confined to hepatocytes surrounding foci
of degeneration and necrosis (Ficure 4B). MARV-specific anti-
gen was commonly noted in macrophages and fibroblasts and
specific cell types in a variety of tissues, as demonstrated in
mesenteric lymph node and alveolar macrophages in
FIGuRe 4D & E. Immunopositive endothelial cells (Ficure 4F) were
present, but were not common. Inflammation and necrosis
with associated immunopositive staining for MARV antigen
was multifocally scattered throughout the gastrointestinal sys-
tem (Ficure 5A & B). Cells in the zona glomerulosa and zona fas-
ciculata were immunopositive on their cell surfaces for
MARV. The immunostaining of the adrenal gland was not
associated with any morphological changes (ficure 5C & D). Epi-
thelial cells in several tissues, including the esophagus, urinary
bladder, skin and hair follicles, were immunopositive for
MARYV antigen (Ficure 5SE & F). The immunopositive epithelium
was rarely associated with any inflammation or necrosis.
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Figure 3. Lack of viral titers in mVLP- and iMARV-vaccinated guinea pigs at presumptive peak of viral replication. Viral titers in
plasma or tissues from guinea pigs vaccinated with iMARV-Musoke or MARV-Musoke VLPs in RIBI adjuvant, or adjuvant only three-times
at 3-week intervals. The guinea pigs from each vaccine group were randomly divided into three challenge groups and challenged with
1000 pfu of guinea pig-adapted (B) MARV-Musoke, (C) -Ravn, or (D) -Ci67, 4 weeks after the last vaccination. (A) Viremia was
determined using standard plague assay in the plasma of challenged guinea pigs at 7 days postchallenge (n = 67 per group). The data
are presented as the mean viral titer with error bars representing the standard deviation. (B-D) Samples of the indicated tissues were
taken upon necropsy at day 6 or 7 after infection of the mVLP, iMARV or PBS-RIBI adjuvant controls. The tissue samples were weighed,
macerated and analyzed for viral titer using plaque assay. The data are presented as the viral titer in individual subjects sampled (n = 2

per group).

iIMARV: Inactivated Marburg virus; MARV: Marburg virus; mVLP: Marburg virus-like paricle; PBS: Phosphate-buffered saline;

pfu: Plague-forming unit; VLP: Virus-like particle.
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Vaccination of NHPs with Musoke-
based mVLPs & broad protection
against multiple MARV isolates

the Musoke-based
mVLPs provided such strong homologous

Since monovalent
and heterologous protection in guinea
pigs, we wanted to determine whether
mVLP vaccination could also provide
broad protection against multiple MARV
with
mVLPs, antibody responses in mVLP-vac-

isolates.  Following  vaccination
cinated macaques were determined using
ELISA against irradiated MARV-Musoke,
-Ci67 or -Ravn virions immediately
before each vaccination and prior to chal-
lenge (Tasie 2 and data not shown).
MARV-specific antibodies in the mVLP-
vaccinated monkeys rose quickly after the
first vaccination and homologous anti-
bodies plateaued after two vaccinations
(data not shown). Heterologous antibody
titers rose and peaked after the third vacci-
nation (Tasie 1 and data not shown). The
nine mVLP-vaccinated monkeys were
divided into three groups and challenged
4 weeks after the last vaccination with
approximately 1000 pfu of MARV-
Musoke, -Ci67 or -Ravn. The control
monkey in each challenge group devel-
oped clinical and laboratory signs of
MARV infection on days 8-10 after chal-
lenge (mase 2. The mVLP-vaccinated
monkeys were protected from disease fol-
lowing lethal MARV challenge, except for
a single monkey (410023). After challenge
with MARV-Ravn, this monkey devel-
oped minor signs of disease, although no
viremia was detected by plaque assay. By
contrast, the controls in the experiment
developed very high viral titers and also
severe clinical, pathological and laboratory
changes associated with MARV infection
(Tasie 2 and data not shown).

st ”
a .«.“‘\‘z‘@d‘

Figure 4. Microscopic changes in control guinea pigs infected with Marbug virus
(MARUV). (A) Liver. Note the multifocal foci of hepatocellular degeneration and necrosis
(outlined by arrowheads) with neutrophilic and monocytic inflammation and
hemorrhage/congestion, and mild bile duct hyperplasia (arrows). Numerous hepatocytes
contain large clear vacuoles (vacuolar degeneration). Hematoxylin and eosin staining,
shown at 10x. (B) Liver. Hepatocytes stain immunohistochemically positive using antibodies
against MARV and dark blue hepatocytes containing mineral deposition are peripheral to a
focus of degeneration and necrosis (arrows). Immunoperoxidase method with hematoxylin
counterstain, shown at 20x. (C) Mesenteric lymph node. The cortex has multifocal areas of
lymphoid depletion and lymphocytolysis highlighted in the inset (arrows). Hematoxylin and
eosin staining, shown at 2x with inset at 20x. (D) Mesenteric lymph node.
Immunohistochemically positive macrophage within the medullary sinus.
Immunoperoxidase method with hematoxylin counterstain, shown at 60x. (E) Lung.

Immunohistochemically positive alveolar macrophages with mild interstitial thickening.
Immunoperoxidase method with hematoxylin counterstain, shown at 20x. (F) Blood vessel.

Discussion

Previously, we showed that guinea pigs vac-
cinated with mVLPs or iMARV develop
homologous humoral and T-cell responses and are completely
protected from a lethal homologous MARYV challenge [18]. Protec-
tion from homologous challenge can even be afforded by a single
injection of mVLPs in guinea pigs. The goal of the current work
was to determine whether a VLP vaccine based on a single MARV
isolate could be used to develop a vaccine that provides maximum

Tracheal submucosa showing immunohistochemically positive endothelial cells.
Immunoperoxidase method with hematoxylin counterstain, shown at 20x.

and broad protection against diverse isolates of MARV. Here, we
showed that Musoke isolate-based mVLPs could induce crossreac-
tive antibodies and broadly protect guinea pigs and NHPs against
multiple strains of MARYV, including the MARV-Musoke, -Ravn
and -Ci67 isolates. Not only did the Musoke-based mVLPs and
iIMARV vaccines provide complete protection in guinea pigs
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Table 1. Summary of Microscopic findings in Marburg virus-infected guinea pigs.
Microscopic finding mVLP + RIBI® iMARV + RIBI”

Musoke* Ravn* Ci67* Musoke* Ravn®*  Ci67* Musoke* Ravn® ci67*

Brain

Fibrin thrombi - - - - = = = - ++
Hepatitis, mixed with - - - - - - +HH/+++ A ++/++
degeneration and necrosis

Viral inclusions (rare) - - - - = = P/P p/P P/P
Vacuolar degeneration ++/- +/+ - - - 44/~ A+ A A
Hepatocellular calcinosis - - - - - - - P/P =
Spleen

Lymphocytolysis, white pulp - - - - - - ++/++ ++/++ +++H/+++
Lymphocytolysis, red pulp - = - - - - A FHAHE
Splenitis, neutrophilic - - - - = = ot/ A b 4+
Lymphoid depletion - - - - - = = = 4+
Fibrin thrombi - - - - - = - - 4+
Hemorrhage - - - - = = - . +
Lymphoid = = - - - - Y AP S 4+
depletion/lymphocytolysis

Fibrin thrombi - - - - - - - ++/++ -
Lymphoid = = - - - - Y AP S 4+
depletion/lymphocytolysis

Bone marrow

Hyperplasia, neutrophilic - A+ - - ++H A+ - - - -
Cellular lysis - - - - = = = -+ o+
Stomach

Cellular lysis - - = = = - T+ ++ J+
Gastritis, neutrophilic - - - - - - +++ +++ =
Cellular lysis - - - - = = + + +
Enteritis, neutrophilic - - - - = = el T+ T+
Heart

Myocarditis - I+ = = -/+ - ++H/++ -I++ -

“Guinea pigs were vaccinated with three doses of the indicated immunogen in the presence of RIBI adjuvant or were administered RIBI adjuvant alone.

*Guinea pigs were challenged with 1000 pfu of the indicated isolate of guinea pig-adapted MARV and two guinea pigs per group were euthanized on day 6-7
postchallenge for pathology studies.

Scoring system (noted for each guinea pig): -: negative/not noted; +: minimal; ++: mild; +++: moderate; ++++: marked; +++++: severe.

LN: Lymph node; iIMARV: Inactivated Marburg virus; MARV: Marburg virus; mVLP: Marburg virus-like particle; P: Present; pfu: Plague-forming unit.

»
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against overt clinical disease and death, but
also from viremia, viral replication and path-
ological changes in tissues. Therefore, our
Musoke MARV-based VLP vaccine was
effective at inducing heterologous protective
immune responses against multiple MARV
isolates in both guinea pigs and NHPs.

Clinical, histological and immunohisto-
logical findings, restricted to six animals in
the three RIBI-vaccinated control groups,
were similar to those previously described
in filovirus-infected guinea pigs [4,26-33].
The clinical findings were typical of what
would be expected for filovirus-infected
guinea pigs (except anorexia with weight
loss, ruffled fur and lethargy) with the
exception of the ocular bleeding in two of
the 18 control animals and the hind-limb
paralysis in at least two other control ani-
mals. The ocular bleeding was not present
in any guinea pigs at necropsy and a source
for the ocular bleeding noted clinically was
not found, but could have been related to a
retro-orbital bleed that occurred on day 7,
nor was an etiology for the hind-limb
paralysis evident in the evaluated brain tis-
sue; however, a complete histopathologic
evaluation of the central and peripheral
nervous systems was not completed.

The six guinea pigs evaluated in this
study had histopathologic findings similar
to those seen in the NHP and mouse
models for MARV infection (data not
shown and (34-397). Although morphologi-
cally similar to both the NHP (data not
shown and [WAREIELD ET AL., UNPUBLISHED DATA;
34—38}) and mouse model [WARHELD £7 4L,
UNPUBLISHED DATA; 39], hepatocellular degen-
eration and necrosis with accompanying
inflammation was observed, although less
frequently. In addition, the hepatocellular
calcinosis was an interesting finding and
specifically unique to those guinea pigs
challenged with the MARV-Ravn isolate.

As with the histologic lesions observed in the liver, lymphocy-
tolysis and lymphoid depletion found in the spleen and some
lymph nodes was similar to that found in both the NHP (data
not shown and [34-38]) and mouse models [WaRFIELD £7 4z., UNPUB-
LsHED DATA; 39]. The immunostaining of epithelial cells in the
skin, urinary bladder and esophagus is similar to that of the
NHP model. However, the low presence of immunopositive
hair follicles was a unique finding not previously observed in
either the NHP or mouse model (data not shown). Fibrin dep-
osition is a variable finding in filovirus infections, particularly
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Figure 5. Microscopic changes in control guinea pigs infected with Marburg virus.
(A) Stomach, glandular. Immunohistochemically positive gastric mucosa with inflammation
and necrosis. Immunoperoxidase method with hematoxylin counterstain, shown at 20x.
(B) Small intestine, villi. Immunohistochemically positive lamina propria with inflammation,
necrosis and focal ulceration. Immunoperoxidase method with hematoxylin counterstain,
shown at 20x. (C) Adrenal gland. Immunohistochemically positive cells within the zona
glomerulosa (arrow) and zona fasciculata (triangle). Inmunoperoxidase method with
hematoxylin counterstain, shown at 20x. (D) Adrenal gland. Immunohistochemically
positive cells demonstrating surface antigen on cells within the zona fasciculata (triangle).
Immunoperoxidase method with hematoxylin counterstain, shown at 40x. (E) Urinary
bladder. Immunohistochemically positive urothelium. Immunoperoxidase method with
hematoxylin counterstain, shown at 20x. (F) Skin, hair follicle. Immunohistochemically
positive dermal papilla within a hair follicle. Imnmunoperoxidase method with hematoxylin
counterstain, shown at 40x.

in MARV-infected animals. Albeit less than observed in the
NHP model, the histologic presence of fibrin in multiple tis-
sues from these MARV-infected guinea pigs indicates some
similarity to coagulation pathology in the monkey (data not
shown and [34-38]). Although not performed in this current
study, phosphotungstic acid hematoxylin stain for fibrin or
identification of fibrin using immunohistochemical methods
may better characterize the extent, or lack thereof, of fibrin
deposition, not only in the brain, spleen and mesenteric lymph
nodes, but in other tissues as well. Furthermore, and unlike
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either the NHP or mouse model, gastrointestinal inflamma-
tion and necrosis was more commonly noted in the guinea pig
and may represent an area of greater MARV susceptibility.
More detailed clinical pathology and histomorphological eval-
uation of guinea pigs challenged with MARV will further their
usefulness as an animal model for MARV infections.

Previously, we have demonstrated boosts in antibody titers
following challenge and development of T-cell responses to
additional viral proteins in VLP-vaccinated mice, although
there was no evidence of viral infection at day 7 o). This
indicated that, while the VLPs conferred protective immu-
nity, the VLP vaccination did not provide sterilizing immu-
nity in mice. However, in the current study, we showed that
guinea pigs that were robustly vaccinated with mVLPs (three
doses at 21-day intervals) did not develop viremia or detect-
able viral titers in their tissues following challenge. In addi-
tion, these guinea pigs did not develop increases in their
postchallenge antibody titers, even when challenged with a
heterologous virus (ficure 2a-C). Together, these data indicate
vigorous homologous and heterologous immunity provided
by VLP vaccination.

MARV-Musoke and EBOV-Zaire VLP vaccines provide
homologous protection to NHPs (data not shown and [24]).
We have also shown here that the Musoke-based mVLDPs can
broadly protect NHPs from at least three isolates of MARV
(sie 2). Taken together with our current data and recent
reports regarding homologous and heterologous protection by
a Musoke-based vesicular stomatitis virus vaccine [7.8], we pre-
dict that Musoke-based mVLPs will provide broad protection
to all known MARYV isolates in NHPs and humans without
substantial safety issues or toxicity. Utilization of a single
Musoke-based mVLP vaccine will minimize the cost of vaccine
production while maintaining effectiveness.

Expert commentary

Multiple vaccine approaches are efficacious in nonhuman pri-
mates against lethal EBOV and MARV infections. To date, the
most successful filovirus vaccines have been based on viral vec-
tors, such as adenovirus, venezulan equine encephalitis repli-
con, human parainfluenza type 3 and vesicular stomatitis virus.

To elicit protective immunity in nonhuman primates, and
likely humans, there is a requirement for correct presentation of
viral proteins, including the protective GP, as well as a sufficient
vaccine dose. Successful vaccination regimens likely induce
antibodies to assist in protection against the early phases of
virus infection and also cytolytic T cells to destroy cells that do
become infected with virus. Some of the many advantages of
using VLPs as vaccines against filovirus infections include their
similar morphology to the live viruses from which they are
derived, a strong safety profile as they are nonreplicating, no
viral vector or pre-existing antivector immunity concerns, the
fact that they can be generated in large quantities using mam-
malian or insect cell lines, their generation of innate, humoral
and cellular immunity, they have been safely and effectively
administered to humans and have been approved by the FDA
for use in humans, as in the case of the human papillomavirus
(Gardasil® 101) and hepatitis B virus. Our recent work has
shown the utility of using the Ebola and Marburg VLPs as suc-
cessful homologous vaccines in stringent NHP models. A
monovalent mVLP vaccine is efficacious against challenge with
multiple MARV isolates, including the most diverse MARV-
Ravn. Thus, based on their safety, immunogenicity, and effi-
cacy profiles, the filovirus VLPs are leading candidates for use as
vaccines in humans.

Five-year view

We have shown here that the VLPs are highly immunogenic
and can safely mediate protection of nonhuman primates from
lethal EBOV and MARY infection, including broad protection
against multiple and diverse MARV isolates. Based on
immunogenicity and protective efficacy, as well as the known
safety profile of VLDs in general from clinical trials, VLPs repre-
sent promise as the safest lead candidate filovirus vaccine for
use in humans. The use of a nonreplicating subunit vaccine,
such as the VLPs, may be highly advantageous not only for use
in elderly, immunocompromised and young populations in the
USA, but also for future use in Africa where the populations
affected by filovirus outbreaks are often dehydrated, malnour-
ished and immunocompromised due to concurrent parasitic
and viral infections, including HIV. Work in NHPs will help

Key issues

e Filovirus virus-like particles (VLPs) for Ebola virus (EBOV)- and Marburg virus (MARV) containing combinations of proteins can be easily
and efficiently made in mammalian or insect cells in large quantities.

e VLPs generate innate immune responses that can rapidly protect against filovirus infection.

e EBOV and MARV VLP vaccines activate virus-specific humoral and cell-mediated responses in rodents and nonhuman primates.
Homologous (EBOV-Zaire) and heterologous (MARV-Musoke, -Ci67 and -Ravn) protection has been demonstrated for VLP vaccines in

cynomolgus macaques.

e Since the efficacy of a filovirus vaccine cannot easily be evaluated in humans, studies to determine surrogate markers or correlates of
protection in nonhuman primates will be required. These studies will help guide future biomarkers in clinical trials.

¢ So far, hepatitis B virus and human papillomavirus VLP vaccines are well-tolerated and effective in healthy, human volunteers and the
safety profile of VLPs will permit their use in immunocompromised individuals.
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guide correlates or surrogate markers of protection for future
human clinical trials, where immunogenicity, but not efficacy,
trials can occur. A clear profile regarding minimal levels of pro-
tective T-cell or antibody responses must be identified to deter-
mine the level and duration of protection conferred by the VLP
vaccines. Future commercial development and clinical trials of
the filovirus-like particle vaccines will be necessary to pave the
way for use in humans.
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